We report on a study of ferromagnetic semiconductor (Ga,Mn)As/(Al,Ga,Mn)As bilayers using magnetometry and polarized neutron reflectivity (PNR). From depth-resolved characterization of the magnetic structure obtained by PNR, we concluded that the (Ga,Mn)As and (Al,Ga,Mn)As layers have in-plane and perpendicular-to-plane magnetic easy axes, respectively, with weak interlayer coupling. Therefore, the layer magnetizations align perpendicular to each other under low magnetic fields and parallel at high fields. V C 2015 AIP Publishing LLC.
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The interfacial coupling between ferromagnetic films has been widely studied, both for fundamental interest and for its relevance to magnetic sensing technologies. In metallic multilayers, direct exchange coupling between neighboring magnetic layers can be avoided by inserting nonmagnetic spacers. The resulting interlayer exchange coupling mediated across the spacer can favor parallel, antiparallel, or non-collinear alignment of the magnetic layers, depending on the layer thicknesses and composition. 1 Interlayer exchange coupling has also been investigated in dilute magnetic semiconductor (DMS) systems. (Ga,Mn)As is a well-studied DMS which exhibits ferromagnetic behavior due to a coupling of the local magnetic moments via delocalized charge carriers, both provided by the substitutional Mn. 2, 3 The highest Curie temperature (T C ) of this material is around 190 K. [4] [5] [6] The magnetic properties of (Ga,Mn)Asbased multilayers are highly tunable through manipulation of parameters such as the Mn concentration, epitaxial strain, and doping. For example, while the interlayer exchange coupling is usually ferromagnetic in (Ga,Mn)As/GaAs/(Ga,Mn)As structures, 7, 8 antiferromagnetic alignment can be realized by p-type doping of the GaAs spacer. 9 Elsewhere, the coupling between compressive-strained (Ga,Mn)As and tensile-strained (Ga,Mn)(As,P) has been utilized in demonstrations of electricfield controlled magnetic anisotropy. 10 In the quaternary DMS material (Al,Ga,Mn)As, increasing the Al composition results in a reduction of the T C and in the electrical conductivity. 11, 12 When the conductivity of the material goes from metallic to insulating, the magnetic easy axis undergoes a transition from in-plane to out-of-plane. We recently investigated the growth and properties of (Ga,Mn)As/ (Al,Ga,Mn)As bilayer films, with a specific focus on the effect of low-temperature annealing. 13 It was shown that the outdiffusion of interstitial Mn depends on the quality of the interface between the two materials. Interstitial Mn is a wellknown compensating defect in (Ga,Mn)As and (Al,Ga,Mn)As which inhibits the magnetic order. [14] [15] [16] [17] For an interface roughness larger than around 0.4 nm, Mn interstitials out-diffuse from the top (Ga,Mn)As layer to the surface, but are inhibited from escaping from the buried (Al,Ga,Mn)As layer, resulting in a large difference in the magnetic properties of the two layers. 13 In this paper, we focus on the layer-resolved magnetic order in a bilayer (Ga,Mn)As/(Al,Ga,Mn)As film. While conventional magnetometry yields only average magnetization values, integrated over the entire volume of the specimen, polarized neutron reflectometry (PNR) provides a way to determine both the structural and magnetic profile in nanoscale systems. 18 As the neutron scattering cross-section is sensitive to components of the magnetic induction orthogonal to the neutron's momentum transfer, the probe measures the in-plane components of the magnetization. Any rotation from an in-plane to out-of-plane moment will result in an effective reduction of the observed cross-section.
The bilayer sample, consisting of 20 nm of (Al 0.30 Ga 0.66 Mn 0.04 )As and 7 nm of (Ga 0.94 Mn 0.06 )As, has been grown on a GaAs(001) substrate by molecular beam epitaxy (MBE). For the transition from (Al,Ga,Mn)As to (Ga,Mn)As growth, the As flux was accordingly lowered in order to maintain III/V stoichiometry. Due to the delayed response of the As source, the As flux needed to be reduced before the Al flux was shuttered off, while the Ga and Mn fluxes were kept constant. 13 This resulted in a $1 nm As deficient layer at the (Ga,Mn)As/(Al,Ga,Mn)As interface, as estimated from the growth rate multiplied by the time between reducing the As flux and shuttering off the Al. The sample was annealed in air at 180 C in order to induce ferromagnetic order in the buried (Al,Ga,Mn)As layer. Annealing results in a diffusion of Mn interstitial defects to the surface where they oxidize, producing in a Mn-rich surface oxide layer. 15 X-ray reflectivity (XRR) was performed using an X'Pert materials research diffractometer system, in order to investigate the layer structure of the sample (Fig. 1 ). Fitting by using the PANalytical X'Pert Reflectivity software yielded a layer structure consisting of 22.2 6 0.2 nm (Al 0.30 Ga 0.66 Mn 0.04 )As layer with a 1.1 6 0.1 nm As-deficient interface region, 5.9 6 0.1 nm (Ga 0.94 Mn 0.06 )As layer and a 3.0 6 0.2 nm oxidized surface.
We characterized the magnetic properties of the asgrown, 7.5 h partial annealed and 48 h fully annealed sample using a Quantum Design superconducting quantum interference device (SQUID) magnetometer. The remanent magnetization along different crystal directions, measured versus increasing temperature after cooling to 2 K in a 1000 Oe magnetic field, are shown in Figs. 2(a) and 2(b) 19 Finally, the disappearance of the [1 10] projected moment at 36 K is ascribed to the T C of the (Ga,Mn)As layer.
After 7.5 h annealing, the [001] projected moment is increased by more than a factor of two compared to its as-grown value, and it persists to around 14 K. The T C of the (Ga,Mn)As layer, inferred from the disappearance of the [1 10] projected moment, is around 81 K. After 48 h annealing, the projected remnant moment along the [001] orientation is very small, indicating that both the (Ga,Mn)As and the (Al,Ga,Mn)As layers now have in-plane magnetic anisotropy. The T C of the (Ga,Mn)As in this fully annealed state is around 93 K, while for the (Al,Ga,Mn)As a T C of 35 K is estimated from the sharp decay of the [1 10] projected remanent moment around this temperature. Hysteresis loops for the annealed sample at 5 K and 30 K are shown in Figs. 2(c) and 2(d) and Figs. 2(e) and 2(f), respectively.
The PNR measurement was carried out on the Polref reflectometer 20 at the ISIS pulsed neutron and muon source, Rutherford Appleton Laboratory. The 7.5 h partial annealed sample was measured with in-plane projection of the incident beam along the [110] crystalline axis, and magnetic field along [1 10]. The sample was first field cooled from room temperature to 5 K under 9000 Oe magnetic field, which is high enough to saturate the magnetization for both layers in the [1 10] direction (see Fig. 2(c) ). Then, the neutron specular reflectivities were measured for neutron spin eigenstates parallel (R þ ) and antiparallel (R À ) to the magnetic field direction. Measurements were performed under magnetic fields of <60 Oe and 9000 Oe, at sample temperatures of 5 K and 30 K. Fig. 3 shows the measured neutron reflectivities normalized to the Fresnel reflectivity of the GaAs substrate. The PNR data were modelled using the Refl1D 21 specular reflectometry modelling and fitting software. The fitting parameters are the layer thicknesses, interface roughness, real (q) component of the nuclear scattering length density (SLD), and the magnetic SLD (q M ). 18 Because the oxidized surface and GaAs substrate should be non-ferromagnetic, the q M for these layers has been fixed to zero. The structural properties of the materials (layer thickness, interface roughness and q, which is proportional to the density of the material), are magnetic field and temperature independent. The values of these parameters should be consistent with the XRR fitting results. Therefore, these parameters were initialized with the values obtained from the XRR before fitting the PNR data sets without constraint. Table I presents the fitting results of the PNR data. The layer thickness, interface roughness, and density for each layer are consistent in different temperatures and magnetic fields scenarios. The results show that there is a 5.3 6 0.2 nm (Ga,Mn)As layer on top of the 22.8 6 0.2 nm (Al,Ga,Mn)As layer with interface roughness around 0.4 nm. The interface roughness between the bottom layer and the substrate is very close to zero. The density for each layer has been obtained from the nuclear SLD, and the magnetic SLDs have been converted to magnetizations for the (Ga,Mn)As and (Al,Ga,Mn)As layers, assuming 1 Â 10 À6 Å À2 ¼ 340 emu per cubic centimeter. 17 Fig . 4 shows the depth profiles of q M and q extrapolated from PNR fits. The fitted values for q are within 10% of the XRR results (Table I) . The values of q M reflect the thicknessdependence of the magnetic structure across the sample. For the 5 K 9000 Oe scenario, both layers have large q M , indicating that the magnetization is saturated along the in-plane [1 10] direction of the applied magnetic field. When the magnetic field is reduced to below 60 Oe, the q M of the bottom (Al,Ga,Mn)As layer is decreased by around 84%, suggesting that the magnetic moments in this layer are aligned nearly parallel to the [001] direction. In addition, the q M of the top layer is reduced by about 23% which may be due to canting of the layer magnetization towards the [001] due to exchange coupling with the lower layer. Combining this with the results from SQUID measurements (Fig. 2) , we can conclude that at 5 K the magnetization of the (Al,Ga,Mn)As layer is roughly out-of-plane, perpendicular to the magnetization orientation of the (Ga,Mn)As layer. The reduction in the q M for the two layers on reducing the field is consistent with the reduction in the total moment seen in Figs. 2(c) and 2(d). According to the depth profile of the extrapolated magnetic SLD, the magnetization changes sharply over a distance of 1.6 6 0.3 nm across the (Al,Ga,Mn)As/(Ga,Mn)As interface region.
At 30 K, q M for the (Al,Ga,Mn)As layer is close to zero when the magnetic field is below 60 Oe, and it increases to around 1.4 Â 10 À8 Å À2 under a 9000 Oe applied field. Consistent with the absence of a remanent magnetization at 30 K after field-cooling along the out-of-plane [001] orientation ( Fig. 2(b) ), this indicates that the (Al,Ga,Mn)As layer is paramagnetic at this temperature. For the (Ga,Mn)As layer, q M reduced by 20% as field decreases from 9000 Oe to <60 Oe, similar to the behavior observed at 5 K. The orientation of magnetization for individual layers of the sample in different scenarios is shown in the insets of Fig. 4 .
In summary, we have investigated the structure and magnetic properties of the (Ga,Mn)As/(Al,Ga,Mn)As bilayer thin film materials. Using the PNR technique, we obtained the quantitative magnetic properties for each layer at different temperatures and magnetic fields. The PNR results are consistent with data from the conventional magnetometry method, but crucially, provide a self-calibrating depth resolution. Our results show that instead of an antiferromagnetic coupling between the two layers, their magnetizations are nearly perpendicular to one another at 5 K when the applied field was close to zero, and parallel to one another at higher field values. The sharp transition from out-of-plane to in-plane is indicative of weak interlayer coupling. The unique and controllable interlayer magnetic arrangement indicated in our results suggests that this material structure can be a good candidate for memory device applications.
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